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PAPERS PRESENTED 

A t  t he  17th Annual Gaseous Electronics Conference, Atlant ic  City, October, 1964. 
J- H. Noon, E. H. Holt and J. P. Quine, Microwave Measurement of the  Probabili ty 
of Col l i s ion  of Low-Energy Electrons i n  Nitrogen. Bull. Amer. Phys. Soc. 1.0, 
1851 (1965). 

EL?XTROMAGlEI!IC WAVE PROPAGATION I N  MAGNETOPLASMAS 

The metal waveguide c e l l  (Figure 1) constructed i n  the  previous period 
was t e s t e d  and i t s  e l e c t r i c a l  discharge and microwave charac te r i s t ics  were 
determined. 
by modifying the construction of the electrode and tuning assemblies a t  each 

Improvement of the e l e c t r i c a l  discharge performance was obtained 

(CATEGORY) 
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End A B C D 

1 2 112" 9/32" 3/16" 1/32" 

2 1 3/16'' 1/4" 1/16" 1/2" 
i 

end of the c e l l .  
i s  shown i n  Figure 2. 
can be successfully operated a t  
pressures from 0.25 t o  1 Torr and 
currents of 5 milliamps. The d i s -  
charge i s  qui te  s tab le  and f i l l s  the 
whole vessel  uniformly. However if 
one electrode and the metal walls 
a r e  both a t  ground poten t ia l  the  ais- 
charge becomes imstable and the plas- 

The f i n a l  design 
A discharge 

- 

ma lldal' the electrodC's fends t'O be ' 

Fibme  1. Zchenatic diagram of t he  waveguide c e l l  showing t h e  modified 
displaced towards the  adjacent walls 
i n  s p i t e  of t he  layer of gl.yptal i n -  
sulat ion.  With a "floating" -E 
supply or, fo r  pulsed operation, an 
i so l a t ing  transformer, the discharge 
i s  qui te  s tab le .  When a magnetic 
f i e l d  i s  applied the  discharge con- 
s t r i c t s  and f o r  a f i e l d  of 1000 gauss 
i s  r e s t r i c t e d  t o  the  cen t r a l  region 
with a radius  of approximately 1 cm. 

Adjustment of the  matching uni ts  
a t  both ends w a s  made t o  give a con- 
s t a n t  frequency response over a s  
broad a range as possible. This i s  
necessary because the  change i n  
d i e l e c t r i c  constant of the p l a sm i n  
a magnetic f i e l d  a l t e r s  t he  e f fec t ive  
wavelength of the  propagated micro- 
wave s ignal .  An X-band sweep osc i l -  
l a t o r  w a s  used t o  del iver  power t o  
the  c e l l  and t o  generate the  osc i l l o -  
scope sweep display of the response 
of the c r y s t a l  detectors  mounted on 
the  output ports.  The dimensions of 
the  components of the  matching uni t s  
when cor rec t ly  adjusted are shown i n  
Figure 2 and the  frequency response 
of the  c e l l  i n  Figure 3. Within the 
range 9.4 t o  9.8 Gc/s the  transmitted 

t u r n s t i l e  j>xlct ions a t  each end of a ler.gth of c i r c u l a r  c d A d - .  

CERAMIC T I P  n 

3,; 

Figure 2. 

Schematic diagram of the  coaxia l  metal s tub  assembly used f o r  
microwave matching and i n  which the  inner  rod a c t s  a s  a discharge 
e l ec t rode .  For dimensions see Table 1. 

s igna l  i s  constant t o  within 0.5 db, but drops of f  outside t h i s  range. 
r e f l ec t ed  power l e v e l  i s  mre than 30 db below the  incident power level .  The 
amount of cross-coupling between adjacent arms represents  a power l e v e l  of 
(25 db. This should be zero but perfect  symmetry of the  junctions would be 
required t o  achieve t h i s .  

The 

Values of the  r e l a t i v e  output s ignals  a t  9.5 Gc/s i n  arms 1 and 2 f o r  a 
discharge current of 4 milliamps are shown i n  Figure 4 f o r  various values of 
magnetic f i e l d .  
amount of cross-coupling i s  obtained. 

These show the  sens i t i v i ty  of the  technique since a large 
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Diffusion as an I n i t i a l  Value Problem 

I n  the  previous period work w a s  
done on the solut ion of the improved 
macroscopic d i f fus ion  equation appro- 
p r i a t e  t o  the  i n i t i a l  value problem. 
I n  the present period the problem has 
uccu Leu ..UI - by s n L r i n g  the 
Boltzmann equation as an i n i t i a l  value 
problem. The r e s u l t  of t h i s  approach 
i s  qui te  general  and can be used t o  
discuss the  development of any of the 
macroscopic variables.  

---.-.: a PnVTrsnd 

The problem of t ransport  variables 
i s  d i r e c t l y  r e l a t ed  t o  the symmetry or 
anti-symmetry of the d is t r ibu t ion  func- 
t i o n  i n  ve loc i ty  space. No flow can 
r e s u l t  in ,  say, the x direct ion i f  
t he  d i s t r ibu t ion  function i s  symmetric 
about the  vx axis .  

However, discussion of the even 
and odd components of t he  d is t r ibu t ion  
function i s  somewhat more complex than 
it might a t  f i r s t  appear. We have 
shown t h a t  even i n  the absence of ex- 
t e r n a l  forces,  the symmetric and an t i -  
symmetric pa r t s  are coupled, so  tha t  a 
net  f lux w i l l  a r i s e  even i f  the  d i s -  
t r i b u t i o n  function i s  i n i t i a l l y  i so-  
t rop ic .  

I n  the  absence of 
the Boltzmann equation 

external  forces, 
takes the form 

and f o r  gradients i n  the  x direct ion 
only, it becomes 

a f  a f  - a f + v  -= (= )  
C 

a t  x a x  

We proceed by s p l i t t i n g  the  dis-  

Figure 3 .  

Transmission characteristics of the cell as a function of frequency. . 

1 ---I 'A- --t- 

MAGNETIC FI ELD (GAUSS) 

Figure 4. 

Signal levels of the two orthogonal output arms for a linearly 
polarized 9.5 Gc/s  input signal passing through the magnetoplasm, 
as a function of magnetic field. 

t r i b u t i o n  function i n t o  odd and even components with respect t o  

f (vx)  = fo(vx) + f"(vx) where f (-v X ) = -fo(vx) and fe(-v,) = fe(vx).  The 

equations f o r  fo(vx) and fe(vx)  are 

vx, i .e. ,  
0 
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and 

= o  a fo + v -  a f e  
a t  x a x  

These equations enable us t o  solve the  Boltzmann equation a s  an i n i t i a l  
value problem. The f i n a l  solut ion i s  

v - -t 2 F(v)  n(x-vt)  f ( x , v , t )  = e 

?) - -+ 

There a re  several  important aspects of t h i s  equation tha t  should be noted. 
F i r s t l y ,  it predicts  t h a t  each veloci ty  c lass  diffuses  a t  i t s  own i n t r i n s i c  
speed. Therefore, a diffusing gas smears out due t o  a d is t r ibu t ion  of i n i t i a l  
ve loc i t ies .  Secondly, it i s  essent ia l ly  a correction t o  the  r e s u l t  of the  
macroscopic approach. T h i s  correction i s  important i f  the spread of i n i t i a l  
ve loc i t i e s  i s  "large1' compared with the "average" speed. A fur ther  implication 
i s  t h a t  "hot" pa r t i c l e s  d i f fuse  more quickly than t r ~ ~ ~ l l l  ones. Therefore 
temperature gradients a re  immediately set  up i n  a diffusing gas so t h a t  it i s  
unrea l i s t ic ,  i n  general, t o  disucss density gradients without considering the 
associated temperature gradients.  However, the  most important implication of 
t h i s  equation i s  as follows. In  postulating t h a t  the pressure was equal t o  
nkT, it w a s  e x p l i c i t l y  assumed t h a t  the d i s t r ibu t ion  function was factorable  
i n t o  a densi ty  i n  configuration space and a densi ty  i n  veloci ty  space. This 
equation shows t h a t  t h i s  i s  not, i n  general, t rue.  

Final ly ,  we should note t h a t  given the  i n i t i a l  d i s t r ibu t ion  function, 
any macroscopic var iable  can be determined by taking the appropriate moment 
of t h i s  equation. This approach represents a considerable simplification, as 
the  higher order moments of the Boltzmann equation are usual ly  non-linear and 
therefore  f a i r l y  d i f f i c u l t  t o  solve. 

THE NITROGEN AFTERGLOW 

During the  present period the  microwave.radiometer which was developed 
under t h i s  grant  was used t o  make a de ta i led  study of the energy changes of 
t h e  e lec t ron  gas consti tuent of the nitrogen afterglow plasma. The r e s u l t s  



1 a re  an extension of the previous work of Stotz 
i n  t h i s  laboratory. The var ia t ion  of the e lec-  
t ron  energy i n  the  ear ly  afterglow has been 
studied with the  radiometer gating pulse extend- 
ing in to  the  ac t ive  discharge region. A t yp ica l  
r e s u l t  i s  shown i n  Figure 5 for the  f i r s t  f i f t y  
microseconds of the afterglow period. There i s  
a rapid energy relaxat ion from the electron 
energy a t ta ined  i n  the  ac t ive  discharge, foiiow- 
ed by a slower but very marked r i s e  in  energy, 
which subsequently f a l l s  even more slowly t o  the  
equilibrium value. 

Analysis of the i n i t i a l ,  rapid energy 
re laxa t ion  shows t h a t  it occurs i n  the time ex- 
pected when electron co l l i s ions  w i t h  neut ra l  gas 
pa r t i c l e s  a re  the mechanism of electron energy 
loss .  A re laxat ion time f o r  t he  electron tem- 
perature can be calculated by writing the aver- 
age r a t e  of energy loss due t o  col l is ions a s  
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Figure  j. Anomalous 

E lec t ron  Temperature 

- - 
where A i s  the  mean f r ac t iona l  energy l o s s  i n  co l l i s ions ,  

e g  
average excess e lec t ron  energy above that of the  gas molecules and 
e l e  ctron-molecule co l l i s ion  frequency. 

u - u 

Behavior of  t h e  Ef fec t ive  

i n  the  Nitrogen Afterglow. 

i s  the 

i s  the  

The mean f r ac t iona l  energy loss,  h , i s  usually wri t ten i n  terms of the  
r a t i o  of the  masses of the electron ( m )  and the molecule (M),  as A = G(2m/M). 
The G fac tor  i s  uni ty  f o r  e l a s t i c  col l is ions,  but when exci ta t ion of low- 
lying ro t a t iona l  l eve l s  of the nitlogen molec l e  a re  t ak  n i c t o  account G has 
been reported variously a s  being equal t o  5.5 and 20.3,E An average value can 
be obtained from the  data of Frost  and P h e l p ~ . ~  

Y 

If, for the moment, we assume t h a t  the  electron veloci ty  d is t r ibu t ion  
funct ion i s  Maxwellian then equation (1) can be rewri t ten i n  terms of e lectron 

temperature. Taking ( A  Ym)/N as 1.5 x 10l1 crn3 see-', fo r  a range of e lec-  

t ron  energies from 0.03 t o  0.27 eV, where N i s  the number density of molecules 

(cm-3) = 3.2 x 10 p, and p i s  i n  Torr, the  r a t e  of decay of e lectron temper- 
ature may be writ ten,  using these approximate numerical values, 

16 

(dTe/dt) = -3 x 10 5 p (Te-Tg) = d(Te-Tg)/dt and t h e  electron-temperature 

re laxa t ion  t i m e  has the  form 2 s 3/p where T i s  i n  microseconds, p i s  i n  

1. K O  C. Stotz,  NASA TN D-2226, (1963). 
2. 

3. J. C. Bowe, Phys. Rev. 117, 1416, (1960). 

4. 

J- M. Anderson, L. Goldstein, Phys. Rev. .=, 388, (1956). 

D O  Formato, A. Gi lardini ,  Ionization Phenomena i n  Gases (Proc. F i f t h  Internat .  
Conf.) Vol. 1, p. 660, North Holland, (1962). 

L. S. Frost ,  A. V. Phelps, Phys. Rev. 127, 1621, (1962). 5. 
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Torr. 

and Row, 
w i t h  a pulsing time of a few microseconds. 
ment a t  t h i s  point.  The relaxat ion time 
re laxa t ion  time of the mean e lec t ron  energy i n  which case the assumption of a 
Maxwellian e lec t ron  ve loc i ty  d i s t r ibu t ion  i s  not required. 

Th i s  expression fo r  ?' agrees qui te  wel l  with t h a t  given by Mentzoni 
6 and wi th  t h e i r  experimental r e s u l t s  using a mildly driven discharge 

O u r  own r e s u l t s  a re  a l s o  i n  agree- 
may a l s o  be in te rpre ted  as the 

The form of the e lec t ron  energy var ia t ion  i n  the afterglow i s  dependent 
upon the  conditions i n  the ac t ive  discharge. 
t h e  e lec t ron  heating efl"eci is i i f i i - k d k ~ ~  r e -  
duced f o r  the shor te r  pulse length even 
though the  discharge current was considerably 
increased i n  order t o  achieve the same e lec-  
t ron  energy a t  the end of the  ac t ive  d i s -  
charge i n  both cases. T h i s  e f f e c t  probably 
accounts f o r  the conf l ic t ing  values of r e -  
laxat ion times obtained by Mentzoni' and by 
Formato and Gilardini .  

This  i s  shown i n  Figure 6 where 

INSTRUMENTAT I O N  

The s i x - c o i l  Magnion magnetic f i e l d  
system was del ivered during the  present 
period. I n s t a l l a t i o n  was completed and the  
u n i t  w a s  used t o  obtain the  performance data 
on the waveguide c e l l  which was described 
e a r l i e r  i n  t h i s  report .  

I W 
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Figure 6. Dependence of  t h e  E lec t ron  Heating Ef fec t  

in t h e  Nitrogen Afterglow upon t h e  Active Discharge Conditions. N o  fu r the r  work was done on the t i m e -  
o f - f l i gh t  mass spectrometer. 

DISBURSEMENT OF FUNDS 

A separate repor t  i s  submitted by the Comptroller's o f f ice .  

6- 
7- 

M. H. Mentzoni, R. V. Row, Phys. Rev. =, 2312, (1963). 
D. Formato, A .  Gilardini ,  Ionization Phenomena i n  Gases (Proc. of Fourth 
In t e rna t .  Conf.) Vol. 1, p. 99, North Holland, 1960. 
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PERSONNEL 

Name P o s i t  ion Per ce n t  T i me * 
l* 2* 

E. H. H O l t  Professor 50 75 50 
Senior Investigator 

J. H. Noon 

H. B. Hollinger 
H. Bayoumi 
D. A. Huchital 
J. A. Reynolds 
P. N. Y. Pan 
R. M. Quinn 
R. Jennings 

A. Ajel lo  
P. Blaszuk 

K. C *  StotZ 

A. Cohn 

Visi t ing Professor 
Assistant Professor 
A s  s i  s t a n t  Prore ssoi? 
Graduate Assistant 
Graduate Assistant 
Graduate Assistant 
Graduate Assistant 
Graduate Assistant 
Graduate Assistant 
Graduate Assistant 
Graduate Student 
Graduate Student 

50 
10 

75 50 
(terminated June 5, 1964) 
-- 3c; 

100 (G) 
25 ( 2 0 )  
100 ( 2 0 )  
100 25 
100 50 

25 
100 

--- 
--- 
--- --- 
--- (20) 

Support Personnel 

H. Struss  Research Assistant 25 25 50 

J. Wright Electronic Technician 100 100 100 
loo 25 W. Jennings Student Te  c hni c i an --- 

J. Carro l l  Student T e chni c i an 20 (terminated June 5 ,  1964) 
100 25 R.  Ramachandran Student Technician -- 

C.  V. Bhimani Student Technician l o  --- 

(model shop) 

-- 

Note 

charge t o  the grant.  

- 
Figures i n  brackets indicate par t ic ipa t ion  i n  the research without 

PLANS FOR THE NEXT PERIOD 

A bakeable design for  the  magnetoplasm c e l l  discussed herein w i l l  be com- 
pleted and construction commenced. 
w i l l  continue with the problem of plasma diffusion i n  the presence of e l e c t r i c  
and magnetic f i e l d s .  Work w i l l  commence on the  design of a cesium plasma c e l l  
fo r  t h e  magnetoplasma work. An experimental study using probes w i l l  be i n i t i a t e d  
aimed a t  invest igat ing the t r ans i t i on  from c la s s i ca l  t o  anomalous diffusion i n  
magnetoplasmas. Methods of increased s e n s i t i v i t y  fo r  microwave phase measure- 
ments i n  plasmas w i l l  be investigated experimentally. 

The theo re t i ca l  study of plasma diffusion 

Yours t ru ly ,  

E .  v@ 
E. Howard Holt 
Professor of 
E l e  c tr i ca 1 Engineering * 

* 
* 

1. May 1 - June 5, 1964, Academic year 1963-64. 
20 June 8 - September 11, 1964, Summer 1964. 
3. September 14 - October 31, 1964, Academic year 1964-65. 


